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HIGHLIGHTS 


•  Br  doping  Li4Ti50i2  powder  was  synthesized  by  solid  state  reaction. 

•  TiN  layer  formed  on  the  surface  of  Li4Ti5Oii.7Bro.3  powder  after  heating  in  NH3. 

•  The  TiN  coated  Li4Ti5Oii.7Br0.3  shows  superior  electrochemical  performance. 
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Br-doping  Li4TisOi2  (LUTisOiuBroj)  is  fabricated  by  conventional  solid  state  method  and  shows 
enhanced  cycling  performance  compared  with  pristine  Li4TisOi2.  After  thermal  nitridation  for  90  min  in 
NH3,  the  Li4Ti50njBro.3  electrode  exhibits  better  rate  capability  and  excellent  cycling  performance.  It 
delivers  a  reversible  capacity  of  138  mAh  g-1  and  104  mAh  g_1  after  100  cycles  at  IOC  and  20C, 
respectively,  which  is  approximately  four  and  seven  times  higher  than  those  of  pristine  Li4TisOi2  at  the 
same  current  rates.  This  work  indicates  the  feasibility  of  improving  cycling  performance  and  rate  ca¬ 
pabilities  of  Li4TisOi2  through  controlling  both  surface  termination  and  bulk  doping  procedures. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  the  global  environmental  problems  have  attracted 
much  attention  which  is  mainly  caused  by  scarce  energy  source.  Li- 
ion  batteries  (LIBs)  have  been  widely  used  for  many  portable 
electric  devices  such  as  cell  phones,  laptop  computers  and  hybrid 
electric  vehicles  due  to  their  high  power,  high  energy  density,  and 
long  cycle  life.  However,  the  current  LIBs  are  handicapped  by 
several  critical  disadvantages  for  large-scale  application  including 
low  power  density,  short  cycling  life  and  especially  safety  hazards. 
The  Li-insertion  potential  of  carbonaceous  materials  is  close  to  0  V 
(vs.  Li/Li+),  resulting  in  the  dendritic  lithium  easily  growing  on  the 
surface  of  anode  during  over-charge  processes  [1—7].  Therefore, 
alternative  anode  materials  with  higher  Li  insertion  potential, 
better  safety  and  excellent  rate  capability  for  the  next  generation  of 
LIBs  have  been  intensively  investigated. 
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Spinel-type  Li4Ti50i2  (LTO)  is  an  alternative  anode  material  for 
LIBs  due  to  the  following  advantages.  First,  it  is  a  “zero-strain” 
material,  which  can  undergo  two-phase  reaction  and  accommodate 
the  structure  change  during  lithium  insertion  and  extraction  pro¬ 
cesses,  resulting  in  an  excellent  reversibility  [8-14].  Second,  it  has  a 
flat  and  a  higher  lithium  insertion/extraction  voltage  at  about 
1.55  V  (vs.  Li/Li+),  thus  the  formation  of  SEI  layers  and  electro¬ 
plating  of  lithium  are  avoided  [9,15  .  Finally,  Ti  is  an  abundant 
element,  allowing  it  to  be  a  cost-effective  material  [9,15]. 

Despite  the  evident  advantages,  no  anode  material  is  flawless. 
The  rate  capability  of  LTO  is  relatively  low  because  of  its  poor 
electronic  conductivity  (only  1CT13  S  cm-1)  and  moderate  Li+ 
diffusion  coefficient  (10_14-10-17  cm2  s-1)  [9,15-17].  To  date,  many 
research  efforts  have  been  focused  on  overcoming  these  draw¬ 
backs,  which  include  reducing  the  size  of  particles  [6,18-22]  or 
preparing  nanostructured  LTO  anode  with  various  morphologies 
(such  as  hollow  or  porous  structure)  [22—24].  Another  approach  to 
achieve  enhanced  electrochemical  performance  is  to  enhance  the 
electronic  conductivity  by  doping  the  spinel  with  metal  or 
nonmetal  ions  [25-31  or  by  surface  modification  using  conductive 
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Fig.  1.  (a)  XRD  patterns  of  synthesized  LTO-xBr  (x  =  0,  0.1,  0.2,  0.3,  0.4).  (b)-(d)  SEM  images  of  LTO  powder  calcinated  at  800  °C  (b),  900  °C  (c),  and  LTO-0.3Br  800  °C  (d), 
respectively. 


coating  species  [32-37].  Qi  et  al.  reported  that  LTO  delivered  an 
improved  cyclability  by  doping  nonmetal  Br  ion  [29].  However,  this 
Br-doped  LTO  anode  presents  a  very  limited  improvement  on  the 
rate  performance.  Recently,  it  has  been  demonstrated  that  LTO  with 
electronically  conductive  coating  layers  on  the  surface  is  the  most 
effective  way  to  enhance  the  conductivity.  It  shortens  transport 


Table  1 

The  lattice  parameter  of  LTO— xBr  (x  =  0,  0.1,  0.2,  0.3,  0.4). 


Sample 

Lattice  parameter  (A) 

LLfTisO^ 

8.3584 

LLiTisOii  gBro.i 

8.3608 

Li4Ti50n.8Bro.2 

8.3620 

Li4Ti5Oii.7Bro.3 

8.3623 

lengths  of  both  lithium  ions  and  electrons  and  protecting  the 
electrode  from  direct  contact  with  the  electrolyte,  resulting  in  an 
enhanced  rate  capability  of  the  battery  1,38  . 

Here,  we  improve  both  the  cyclability  and  rate  capability  by 
thermal  nitridation  with  an  appropriate  Br-doping  level, 
Li4Ti50i2-xBrx  (x  =  0.3)  (denoted  as  LTO-0.3Br)  anode.  Benefiting 
from  Br-doping  and  the  improved  electronic  conductivity,  the 
LTO-0.3Br  anode  shows  better  electrochemical  performance  in 
terms  of  specific  capacity,  cycling  and  rate  performance  than  pure 
LTO.  Furthermore,  the  LTO-0.3Br  terminated  with  surface  nitrida¬ 
tion  exhibits  much  improved  rate  capability  compared  with  pris¬ 
tine  LTO-0.3Br.  This  work  indicates  the  feasibility  of  improving 
electronically  conductive  of  LTO  through  both  surface  termination 
and  bulk  doping  procedures. 


Fig.  2.  The  EDX  mapping  images  and  spectrum  of  LTO-0.3Br  particles. 
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2.  Experimental 
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Fig.  3.  (a)  The  cycling  performances  of  LTO-xBr  (x  =  0, 0.1, 0.2,  0.3, 0.4)  at  0.2C;  (b)  The 
voltage  profiles  of  LTO-xBr  (x  =  0, 0.1, 0.2, 0.3, 0.4)  at  a  rate  of  0.2C;  and  (c)  the  rate  and 
cycling  performance  of  LTO  and  LTO-0.3Br  at  different  C  rate.  The  rate  is  marked  in  the 
picture. 


2.1.  Synthesis  of  the  Liffi^Ou  with  and  without  Br-doping 

Li4Ti50i2-*Brx  (x  =  0, 0.1, 0.2, 0.3, 0.4)  powders  were  prepared  by 
conventional  high  temperature  solid  state  reaction  using 
LiOH^O,  Ti02  (amorphous)  and  LiBr  ^O  in  a  Li:Ti  molar  ratio  of 
4.35:5.  All  the  reagents  were  bought  from  Sinopharm  Chemical 
Reagent  Co.  Ltd,  China.  Excess  Li  was  applied  since  Lithia  may  lose 
at  high  temperature  during  the  process  of  synthesis.  All  the  re¬ 
agents  were  mixed  in  an  agate  mortar  and  ground  for  1  h.  Then  the 
mixture  was  heated  to  800  °C  and  900  °C  from  room  temperature. 
The  temperature  was  maintained  for  12  h  in  a  muffle  furnace,  fol¬ 
lowed  by  natural  cooling  to  room  temperature. 

2.2.  Preparation  of  nitridated  LUTisOnjBroj 

The  as-prepared  powders  LTO-0.3Br  were  heated  from  room 
temperature  to  700  °C  at  the  rate  of  5  °C  min-1  under  Ar  atmo¬ 
sphere.  Then,  the  gas  was  changed  into  NH3  and  the  temperature 
was  kept  at  700  °C  for  30,  90  and  150  min,  respectively,  followed  by 
natural  cooling  to  room  temperature  under  flowing  Ar  gas.  The 
furnace  was  kept  air-tight  to  prevent  oxidation. 

2.3.  Characterization 

The  microstructural  properties  and  phase  composition  of  the 
synthesized  powders  have  been  studied  by  X-ray  diffraction  (XRD, 
Philips  Xpert  Pro  Super),  scanning  electron  microscopy  (SEM,  JEOL 
JSM-6390LA)  and  High-resolution  transmission  electronic  micro¬ 
scopy  (HR-TEM,  JEOL  4000EX).  Energy-dispersive  X-ray  spectros¬ 
copy  (EDX)  analysis  was  carried  out  by  using  an  EDAX  system 
(EDAX,  Mahwah,  NJ,  USA)  attached  to  a  Zeiss  SESAM  (Carl  Zeiss, 
Oberkochen,  Germany)  microscope  operating  at  200  keV.  X-ray 
photoelectron  spectroscopy  (XPS)  measurements  and  analyses 
were  carried  with  an  ESCALab220I-XL  system. 

2.4.  Electrochemical  characterization 

The  working  electrode  consisted  of  active  material 
(Li4Ti50i2-xBrx  (x  =  0,  0.1,  0.2,  0.3,  0.4)  or  nitridated  LTO-0.3Br), 


10  20  30  40  50  60  70 

2Theta(degree) 


Fig.  4.  XRD  patterns  of  LTO-0.3Br  with  nitridation  for  different  time.  The  inset  pic¬ 
tures  exhibit  LTO-0.3Br  powder  color  change  after  thermal  nitridation  at  700  °C  with 
NH3  gas  flow. 
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Fig.  5.  (a)  SEM  image  of  LTO-0.3Br-N-90.  HR-TEM  images  (b)  pristine  LTO-0.3Br,  (c)  LTO-0.3Br-N-30,  (d)  LTO-0.3Br-N-90  with  TiN  layer. 


carbon  black  (Acetylene  black),  and  PVDF  (poly  vinyledene  fluo¬ 
ride)  in  a  weight  ratio  of  80:10:10.  The  mixture  was  uniformly  cast 
onto  a  pure  copper  foil  and  dried  under  vacuum  at  80  °C  over¬ 
night.  Every  cell  was  assembled  in  an  argon-filled  glove  box 
(MBRAUN  LABMASTER  130)  where  both  moisture  and  oxygen 
levels  were  kept  below  1  ppm  with  active  material  of  about  5  mg 
in  every  cell.  Pure  lithium  foil  was  used  as  both  the  counter 
electrode  and  reference  electrode.  The  electrolyte  was  composed 
of  1.0  M  LiPF6  in  a  50:50  (v/v)  mixture  of  ethylene  carbonate  (EC) 
and  diethyl  carbonate  (DEC).  Celgard  2400  was  used  as  the  sepa¬ 
rator.  Electrochemical  measurements  were  conducted  using  two- 
electrode  coin  cells  (2032)  at  room  temperature,  which  were 
cycled  in  the  voltage  range  between  3.0  V  and  1.0  V  (vs.  Li+/Li) 
with  a  NEWARE  battery  test  system.  The  impedance  spectra  of  the 
cells  were  carried  out  with  the  CHI  660d  in  the  frequency  range 
from  0.01  Hz  to  100  kHz  with  the  AC  amplitude  of  5.0  mV.  The 
measurements  were  conducted  at  discharging  state  of  50%  of  the 
capacity. 

2.5.  Conductivity  measurements 

The  conductivity  measurements  were  measured  by  impedance 
spectroscopy  using  High  Resolution  Dielectric  Analyzer  (Novocon- 
trol)  in  the  frequency  range  of  107-10~2  Hz.  The  electronic  con¬ 
ductivity  was  tested  by  polarization  experiment  using  an  ion 
blocking  cell.  For  the  ion  blocking  cell  (Ti/LTO/Ti),  Ti  metal  films 
were  evaporated  onto  both  sides  of  sample  discs  with  a  thickness  of 
about  500  nm. 


3.  Results  and  discussion 

Fig.  la  shows  the  XRD  patterns  of  the  synthesized  LTO  samples 
with  and  without  Br-doping  prepared  by  solid-state  reaction.  When 
Br-doping  amount  ranges  from  0  to  0.4,  the  sharp  reflections  at 
18.4,  30.2,  35.6,  37.1,  43.3,  47.4,  57.2,  62.8,  66.1,  74.3,  75.4,  79.4  and 
82.3  (2 0)  can  be  indexed  to  the  spinel  LTO  phase  with  Fd-3m  space 
group  (JCPDS  No.  49-0207).  The  color  of  the  LTO  powders  with 
dopant  Br  kept  white.  No  impurity  peaks  were  detected,  indicating 
that  the  dopant  Br  had  entered  the  lattice  structure  of  LTO  without 
changing  the  structural  characteristics.  However,  the  lattice  pa¬ 
rameters  increased  with  the  increasing  dopant  as  shown  in  Table  1 
due  to  the  larger  radius  of  Br  ion. 

Fig.  lb  and  c  show  the  SEM  images  of  LTO  calcinated  at  800  °C 
and  900  °C,  respectively.  The  samples  exhibit  block-shaped  parti¬ 
cles  with  a  narrow  particle  size  distribution.  The  particle  size  is 
1~2  pm  (Fig.  lb).  While  annealed  at  900  °C,  the  diameter  increases 
to  about  2~3  pm  (Fig.  lc).  These  results  indicate  that  crystalline 
grain  increase  with  the  improvement  of  calcination  temperature. 
SEM  image  of  LTO-0.3Br  calcinated  at  800  °C  is  similar  with  the 
pristine  LTO  and  exhibits  a  block-shaped  particle  with  a  diameter  of 
1~2  pm  (Fig.  Id).  From  the  EDX  mapping  images  of  the  elements  Ti, 
Br,  O  in  Fig.  2,  it  could  be  observed  that  the  distribution  of  Br  ele¬ 
ments  is  consistent  with  that  of  Ti  and  O,  indicating  that  Br 
distribute  uniformly  in  the  LTO-0.3Br  particles. 

Fig.  3a  shows  the  cycling  performance  of  electrode  using  the 
synthesized  LTO  samples  doped  with  various  amount  of  Br  calci¬ 
nated  at  800  °C  as  electrode.  The  pristine  LTO  delivered  the  lowest 
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Fig.  6.  XPS  spectra  (a)  Ti2p  in  LTO-0.3Br,  (b)  Ti2p  in  LTO-0.3Br-N-90,  (c)  Cls  in  LTO-0.3Br  and  (d)  Cls  in  LTO-0.3Br-N-90,  respectively. 


Fig.  7.  EDX  mapping  images  and  spectrum  of  LTO-0.3Br-N-90.  Here,  the  presence  of  elements  Cu  and  Fe  in  the  spectrum  result  from  the  specimen  holder  (Cu  mesh)  in  trans¬ 
mission  electronic  microscopy. 
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Fig.  8.  (a)  The  rate  capabilities  of  LTO-0.3Br-N-30,  LTO-0.3Br-N-90  and  LTO-0.3Br-N-150  compared  with  LTO-0.3Br;  (b)  The  charge-discharge  voltage  profiles  of  LTO-0.3Br-N- 
90  at  different  C-rates  (from  1C  to  20C);  (c)  plots  of  A E  of  LTO-0.3Br  and  LTO-0.3Br-N-90  versus  C  rates;  (d)  cycling  performance  of  LTO-0.3Br-N-90  at  10C  and  20C. 


reversible  capacity  (ca.  150  mAh  g_1)  at  0.2C.  The  specific  discharge 
capacity  improved  with  increasing  within  the  doping  range  of  Br~ 
between  0  and  0.3.  The  discharge  capacity  of  LTO-0.3Br  reached 
about  165  mAh  g-1  even  after  100  cycles  at  0.2C.  Nevertheless,  the 
capacity  of  the  sample  LTO-0.4Br  fell  back  to  155  mAh  g-1  because 
of  doping  too  much  Br~  in  O2-  site  and  thus  the  increasing  polar¬ 
ization  [29,39]. 

Fig.  3b  shows  the  voltage  profiles  of  LLfTisO^-xBr*  (x  =  0,  0.1, 
0.2,  0.3,  0.4)  at  the  current  rate  of  0.2C  over  a  potential  window  of 
1.0-3.0  V.  All  samples  had  a  flat  voltage  plateau  at  the  potential  of 
1.55  V,  corresponding  to  the  two  phase  coexistence  between 
Li4Ti50i2  and  Li7Ti50i2  [1  .  The  sloping  voltage  curves  at  the 
beginning/end  of  the  discharge  curves  indicates  a  single  phase 
insertion  of  Li^TisO^/Liy^TisO^  [7  . 

To  get  further  evidence  of  the  improvement  of  electrochemical 
performance  of  Br-doped  LTO,  the  rate  performance  of  LTO-0.3Br 
and  pristine  LTO  samples  were  compared  (Fig.  3c).  The  discharge 
capacities  of  the  pristine  LTO  decreased  significantly  with  the 
increasing  current  from  1C  to  20C,  whereas  the  LTO-0.3Br  de¬ 
creases  much  more  slowly  at  the  same  rate.  The  LTO-0.3Br  deliv¬ 
ered  capacities  of  174, 152, 136, 115,  69,  and  38  mAh  g'1  at  0.2C,  1C, 
2C,  5C,  10C  and  20C,  respectively.  While  in  case  of  pristine  LTO,  it 
only  delivers  a  capacity  of  150, 139, 102,  75,  40,  and  15  mAh  g-1  at 
0.2C,  1C,  2C,  5C,  10C,  and  20C,  respectively.  The  rate  capabilities 
improvement  of  LTO-0.3Br  indicates  that  appropriate  amount  of 
Br-doping  decreases  of  the  polarization  of  LTO-0.3Br  at  various 
current  density,  compared  to  the  pristine  LTO  29].  The  reversible 
capacity  of  LTO-0.3Br  decreases  very  fast  when  the  current  density 
increase  to  10C  and  20C,  respectively.  It  indicates  that  the  internal 
resistance  of  the  Br-doped  samples  does  not  significantly  reduce. 

In  order  to  improve  the  rate  capability  of  LTO-0.3Br,  Thermal 
nitridation  was  applied  for  various  time  (denoted  as  LTO-0.3Br-N- 
30,  LTO-0.3Br-N-90,  and  LTO-0.3Br-N-150,  respectively).  The 
samples  with  various  time  of  nitridation  showed  identical  XRD 


patterns  of  LTO  spinel  phase  (Fig.  4),  indicating  that  the  process  of 
thermal  nitridation  doesn't  change  its  phase  in  the  core  region.  The 
inset  images  of  Fig.  4  show  the  color  change  of  LTO-0.3Br  after 
nitridation.  The  white  LTO-0.3Br  powders  turned  into  blue  after 
thermal  nitridation  for  30  min  and  got  darker  with  increasing  time 
of  nitridation.  The  color  of  the  powders  seemed  no  change  when 
annealing  in  NH3  longer  than  90  min. 

Fig.  5a  shows  SEM  image  of  LTO-0.3Br-N-90.  It  can  be  seen 
clearly  that  the  LTO-0.3Br-N-90  presented  similar  morphology 
and  particle  size  with  LTO-0.3Br.  Fig.  5b  shows  the  typical  HRTEM 
image  of  LTO-0.3Br  sample  before  nitridation.  The  intersecting 


Z'(ohm) 


Fig.  9.  Nyquist  plots  of  the  pristine  LTO,  LTO-0.3Br  and  LTO-0.3Br-N-90  samples,  as 
well  as  the  equivalent  circuit  used  to  fit  the  EIS  (the  inset).  The  7!  and  Z"  represent  the 
real  and  virtual  part  of  the  complex-valued  impedance,  respectively. 
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Table  2 

The  impedance  parameters  of  the  derived  pristine  LTO,  LTO— 0.3  Br  and 
LTO— 0.3Br— N-90  electrodes  using  the  equivalent  circuit  model. 


Samples 

Rf(fi) 

Ret  (A) 

Pristine  LTO 

13.2 

33.1 

LTO— 0.3  Br 

4.8 

18.2 

LTO— 0.3Br— N-90 

1.5 

5.8 

lattice  fringe  (marked  in  Fig.  5b)  is  indexed  and  calibrated  to  have  a 
lattice  spacing  of  d  =  4.8  A,  corresponding  to  (111)  plane  of  pure 
LTO,  which  also  confirms  that  the  dopant  Br-  replace  02~  and  enter 
the  crystal  lattice  of  LTO.  After  calcination  in  NH3  for  30  min,  the 
LTO  structure  remained  with  a  glassy  layer  (thickness:  ~1.8  nm)  on 
the  surface,  as  shown  in  Fig.  5c.  In  case  of  nitridation  for  90  min, 
some  of  the  glassy  layer  became  crystalline  with  a  thickness  of 
-4  nm  (Fig.  5d).  The  crystal  structure  has  a  lattice  spacing  of 
d  =  2.1  A,  which  can  be  identified  as  (200)  plane  of  TiN  (JCPDS  No. 
38-1420).  The  results  also  show  that  the  longer  the  nitridation  time 
will  lead  to  the  thicker  layer  that  may  be  composed  of  Ti  and  N  [1  ] 
from  the  decomposition  of  LTO-0.3Br. 

XPS  spectroscopy  was  conducted  to  verify  the  existence  of  Ti3+. 
As  shown  in  Fig.  6a  &  b,  typical  doublet  Ti2p  peaks  at  458.3  eV  and 
464.2  eV  appeared  in  the  samples  before  and  after  nitridation, 
associated  to  characteristic  peaks  of  Ti4+  in  an  octahedral  envi¬ 
ronment.  After  nitridation,  a  pair  of  peaks  of  new  Ti2p  were 
observed  at  457.6  eV  and  462.9  eV  as  shown  in  Fig.  6b,  which  may 
be  assigned  to  the  presence  of  Ti3+  [40-42  .  The  XPS  spectrum  of 
Cls  peak  also  displayed  some  differences  between  the  samples 
before  and  after  nitridation  (Fig.  6c  and  d).  The  Cls  peak  exhibited 
three  components  located  at  284.8  eV,  286.4  eV  and  289.5  eV, 
respectively.  The  peak  at  284.8  eV  corresponds  to  the  C-0  bond. 
The  peaks  at  286.4  eV  and  289.5  eV  correspond  to  C-0  bond  and  a 


small  quantity  of  adsorbed  species  at  the  surface  (COO  bond) 
respectively.  After  nitridation,  the  Cls  peak  exhibited  two  new 
components  located  at  288.6  eV  and  290.0  eV  which  can  be 
assigned  to  COO  bond  and  OCOO  bond  respectively,  suggesting  that 
LTO  has  decomposed  on  the  surface  of  the  grain  to  form  L^COs.  The 
formation  ofTi  ion  with  lower  valence  proves  the  occurrence  of  TiN, 
in  agreement  with  the  EDX  (energy  dispersive  X-ray  spectrum) 
result.  Fig.  7  shows  the  EDX  mapping  images  of  the  Ti  and  N  ele¬ 
ments  of  LTO-0.3Br-N-90.  It  can  be  observed  that  the  distribution 
of  N  element  is  consistent  with  that  of  Ti,  indicating  uniformly 
distribution  of  N  on  the  surface  of  LTO-0.3Br-N-90.  Here,  the 
presence  of  elements  Cu  and  Fe  in  the  spectrum  results  from  the 
specimen  holder  (Cu  mesh)  in  TEM. 

Fig.  8a  compares  the  rate  capabilities  of  the  LTO-0.3Br-N-30, 
LTO— 0.3Br— N-90,  and  LTO-0.3Br-N-150  with  LTO-0.3Br.  All  the 
nitridated  LTO-0.3Br  samples  showed  better  specific  capacity  than 
that  of  LTO-0.3Br,  which  indicates  that  the  nitridation  process 
could  improve  the  surface  electronic  conductivity  of  LTO.  The  ca¬ 
pacity  of  LTO-0.3Br  is  slightly  lower  than  those  of  the  other  three 
nitridated  LTO-0.3Br  samples  when  cycled  at  1C.  LTO-0.3Br-N-90 
exhibits  the  highest  reversible  capacity  and  best  rate  capabilities 
among  the  three  nitridated  LTO-0.3Br  samples.  LTO-0.3Br-N-90 
still  delivers  a  capacity  of  82  mAh  g'1  at  a  high  rate  of  30C.  While 
for  LTO-0.3Br-N-30,  it  only  delivers  a  capacity  of  58  mAh  g-1. 
These  results  demonstrate  that  the  short  time  of  thermal  nitrida¬ 
tion  cannot  form  a  uniform  coating  layer,  resulting  in  a  discontin¬ 
uous  electronic  conducting  network  (TiN)  forming  on  the  surface  of 
LTO— 0.3Br  [1]. 

The  charge-discharge  voltage  profiles  of  LTO-0.3Br-N-90  at 
different  C-rates  (from  1C  to  20C)  are  displayed  in  Fig.  8b.  It  delivers 
a  reversible  capacity  of  175  mAh  g-1  at  1C,  which  is  close  to  the 
theoretical  capacity  of  LTO.  When  the  current  density  increased  to 
5C,  10C,  and  20C,  the  capacities  can  be  maintained  as  167, 138,  and 


Fig.  10.  (a)  Schematic  picture  of  ion  blocking  cell.  Nyquist  plots  of  LTO  (b),  LTO-0.3Br  (c)  and  LTO-0.3Br-N-90(d). 
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104  mAh  g_1,  respectively.  It  implies  that  modifying  the  surface 
structure  by  thermal  nitridation  allows  for  facile  transport  of  both 
electrons  and  Li  ions. 

In  order  to  investigate  the  effect  of  TiN  layer  on  the  LTO-0.3Br, 
we  plotted  the  polarization  of  A E  versus  rate  of  the  LTO-0.3Br  and 
the  LTO-0.3Br-N-90  electrodes,  respectively  (Fig.  8c).  The  values  of 
A E  are  defined  as  the  differences  between  the  potentials  of  50% 
fully  charge  and  50%  fully  discharge  plateaus.  Both  plots  showed 
nearly  a  linear  dependence  with  relation  to  the  discharge/charge 
rates,  which  indicates  an  ohmic  behavior  of  both  electrodes  at  these 
C  rates.  Note  that  the  LTO-0.3Br-N-90  electrode  shows  lower  A£ 
value  than  that  of  LTO-0.3Br  at  the  same  current  density,  sug¬ 
gesting  that  the  thermal  nitridation  process  decrease  the  polari¬ 
zation  resistance  significantly  and  favor  the  improvement  of  the 
rate  capabilities. 

The  LTO-0.3Br-N-90  electrode  also  displayed  an  excellent 
cycling  performance  at  10C  and  20C,  respectively,  as  shown  in 
Fig.  8d  The  reversible  capacity  is  138  mAh  g-1  at  10C  after  100 
cycles.  At  a  higher  current  density  of  20C,  it  still  delivered  a 
reversible  capacity  of  104  mAh  g'1  after  100  cycles,  corresponding 
59%  of  theoretical  capacity.  These  results  demonstrate  the  perfect 
structure  stability  of  LTO-0.3Br-N-90  and  fast  electronic  and  ionic 
transport  in  the  electrode,  which  attribute  to  both  surface  termi¬ 
nation  (TiN  layer)  and  bulk  doping  (Br~)  of  the  LTO. 

In  order  to  gain  insight  into  the  remarkable  rate  performance  of 
LTO-0.3Br-N-90,  AC  impedance  spectra  measurements  were  car¬ 
ried  out.  Fig.  9  shows  the  spectra  of  LTO,  LTO-0.3Br  and 
LTO-0.3Br-N-90  samples,  respectively.  The  inset  of  Fig.  9  repre¬ 
sented  the  equivalent  circuit.  There  were  two  semicircles  at  high- 
to-intermediate  frequency  range  and  a  straight  line  tail  in  the  low 
frequency  region  for  all  samples.  An  intercept  at  the  Z'  real  axis  in 
the  high  frequency  represents  to  the  resistance  of  the  electrolytes 
(Rs)  and  the  semicircle  in  the  high  frequency  corresponding  to  Rf  is 
characteristic  of  the  surface  film  formed  on  the  electrodes.  The 
medium  frequency  semicircle  is  characteristic  of  the  charge- 
transfer  resistance  (Rct)  related  to  lithium  ion  interfacial  charge 
transfer.  As  shown  in  Table  2,  the  Rct  of  LTO-0.3Br-N-90  (5.8  Q) 
was  much  lower  than  pristine  LTO  (33.1  O)  and  LTO-0.3Br  (18.2  O), 
indicating  that  thermal  nitridation  of  LTO  is  an  effective  strategy  to 
reduce  overall  electrode  ohmic  resistance  and  thus  relating  to  a 
better  rate  capability. 

To  further  investigate  the  electronic  conductivity  of  LTO, 
LTO-0.3Br  and  LTO-0.3Br-N-90  samples,  symmetric  titanium 
electrodes  were  used  as  the  ion  blocking  cell  (Fig.  10a).  Ti  is  highly 
reversible  for  electrons  but  not  for  lithium  ions.  The  total  conduc¬ 
tivities  and  the  corresponding  spectrum  are  shown  in  Fig.  lOb-d.  A 
nearly  semicircle  were  obtained  over  the  whole  frequency  range 
(107-10~2  Hz)  at  room  temperature.  The  absence  of  other  semi¬ 
circles  or  Warburg  response  demonstrates  the  absence  of  blocking 
grain  boundaries  and  good  contact  to  the  electrodes.  What's  more, 
the  spectra  indicate  a  predominant  electronic  conductivity.  The 
electronic  conductivities  for  LTO,  LTO-0.3Br  and  LTO-0.3Br-N-90 
samples  are  7.6  x  10-8,  3  x  1CT6,  and  1.5  x  10  5  S  cm"1,  respec¬ 
tively.  The  result  validates  that  both  nitridation  and  Br-doping 
could  effectively  improve  the  electronic  conductivity  of  LTO 
electrode. 

4.  Conclusions 

In  Summary,  we  have  succeeded  in  synthesizing  cubic  spinel 
Li4Ti50i2-xBrx  (0  <  x  <  0.4)  and  nitridated  Br-doped  LLfTisO^.  The 
optimized  amount  of  Br-doping  into  LTO  is  x  =  0.3.  The 
Li4Ti5Oii.7Bro.3  electrode  shows  enhanced  cyclability  and  delivers  a 
reversible  capacity  of  167  mAh  g-1  after  100  cycles  at  0.2C.  After 
90  min  thermal  nitridation,  LTO-0.3Br-N-90  electrode  exhibits 


improved  rate  capability  and  excellent  cycling  performance.  It  still 
delivers  a  reversible  capacity  of  104  mAh  g-1  at  20C  after  100  cy¬ 
cles,  corresponding  to  59%  of  theoretical  capacity.  This  work  in¬ 
dicates  the  feasibility  of  improving  cycling  performance  and  rate 
capabilities  of  LLfTisO^  through  both  surface  termination  and  bulk 
doping  procedures. 
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